Abstract: The indirect field-oriented (WO) method of induction motor (IM) drive is generally implemented by the fixed gain PI controller because of its simple design technique. The performance of fixed gain PI controller may be well under some operating conditions, but not all desired operating conditions. To increase the performance of PI controller, we propose a new fuzzy-logic-based self-tuning PI control system for speed control of IM drives with I F 0 method. In this new approach, a well designed fuzzy-logic provides the suitable gain of PI controller to achieve the desired speed under the variation of load torque and parameters. The performance of proposed fuzzy-logic-based self-tuning PI controller was demonstrated through simulations. The simulation results confirm that the proposed controller is robust under the variation of load torque and parameters.
Introduction
The field-oriented method of induction motor (IM) drive has replaced DC motor for high-performance applications in industrial sector. The field-oriented theory of IM drives initiates to control rotor flux and torque independently as DC motor drives [I] . Due to the rapid progress of power electronics, digitai signal processor, microprocessor and control theory, the high-performance can be achieved properly from an IM drive by implementing field-oriented method. The indirzct field-oriented UFO} method of IM drive becomes popular for its simplicity. To obtain high-performance of IM drive by decoupling rotor flux and torque in t e m o f stator current components, the field-oriented control is established by neglecting core loss
[2]. But in practice, the core loss exists in all ac machines.
The performance of torque control of IM drive is deteriorated by the core loss. The IF0 control of IM drive in terms o f magnetizing current components has been proposed in 131 taking core loss into account to obtain decoupling control of rotor flux and torque control of IM drive for steady state. The proposed IF0 is applied in [4] based on conventional PI controller to perform in both transient and steady states. In industrial application, PI controller schemes are still the most commonly used controller despite the development of advanced control techniques due to their simplicity. The conventional PI controller constants are determined by trial and error, which suffer from the instability for the variation of disturbance and system parameters. Also, always steady state error is occurred where PI controller constants are chosen by trial and error [2]. In [4J, it is aIso shown that the PI controller gain should be changed when the load torque is changed. However, the PI controllers are not robust enough to obtain high-performance under the variations of load torque and parameters during operation. Numerous methods such as filzzy-logic control 121 have been proposed to replace PI controller schemes. Since, the PI controller is widely used for IM drive due to its relatively simple implementation, it is desirable to have an intelligent PI controller that can self-tune its control gain to achieve desired performance. In this paper, we propose a new approach o f PI controfIer for speed control of indirect field-oriented induction motor drive whose gains are obtained using fimy-logic theory to take advantages of simplicity and feasibility of conventional PI controller. The gains of PI controller are changed according to the error of speed and change of error of speed based on kzy-logic. The performance of proposed fuzzy-logic-based self-tuning PT controller was demonstrated through simulations. The simulation results confirm that the proposed controller is robust under the variation of load torque and parameters. Fig. 1 shows the equivalent circuit of an induction motor taking core loss into account in the d-q axis synchronously rotating reference frame. Compared with the conventional model, it is seen that the core loss resistance is connected in parallel with the magnetizing inductance. This type of core loss (due to eddy current) model including core loss resistance is suggested in 131. The voltage equations are given by
Model of IM Taking Core Loss into Account
(1) where w, is rotor angular frequency; T, and TL are electromagnetic and load torques respectively; P, is number of pole pair; J is moment of inertia; and D is damping factor.
Field-Oriented Control
Since the decoupling control of IM drive taking core loss into account in terms of stator current components creates complexity, the torque and rotor ffux decoupling control is achieved in terms of magnetizing current. The constraints a€ field-oriented control are given by
BZq =o.o (17)
Using the constraint, the d-axis rotor current becomes zero and the following equations are obtained at steady state condition.
(1 8) 
From (18) - (20), it is seen that the decoupling control of torque and rotor flux of IM taking core loss into account can be designed easily in terms of magnetizing current components instead of stator current components. Fig. 2 shows the proposed IF0 control strategy in steady state operation for current source inverter in [3] . According to (28) and (29), the proposed IF0 controller can be designed for voltage source inverter.
It is seen from Fig. 2 that a speed controller is required to operate in bath transient and steady state conditions. PI based speed controller is proposed in [3] and [4] . But the PI controller, where the contmller gains are chosen by tnal and error method, does not show the robustness under the variation of load torque and parameters. Therefore, we proposed fuzzy-logic based self-tuning PI speed controller to increase the robustness, which is described in next section. Table 1 with the assumption that the core loss resistance is constant. The sampling period is chosen ' 100 psec. Fig. 3 shows responses for two cases of PI controller gains, which are selected by trial and error method. It is seen from case 1 that for step change of speed the actual speed follows reference speed without overshoot and steady state error. But the actual speed doesn't return to reference speed for changing of load torque. Case 1 is not robust under the variation of Ioad torque. Case 2 shows that the steady state error is occurred for small increasing of i n t e p l constant. The selection of PI controller constants by trial and error cannot provide good response for all operating conditions. Therefore, the proportional and integral constants should be adjusted on-line to obtain better response compared to conventional fixed gain PI controller. According to the knowledge of expertise, the PI gains are parameterized by single parameters as shown below K , = Kp,,,h; Ki = KI,h2; (32) wbere Kpm and K,, are the maximum possible proportional and integral constants respectively. These constants are derived empirically with IM model. K, is directly proportional to h and K, is proportional to square of h. Fig. 4 shows the response o f speed for the same operating points of Fig. 3 using the different values of A. Fig. 4 illustrates that according to (32) the PI controller is stable under the variation of load torque and has no steady state error. KPm and K,, constants are selected 0.045 and 1.12 respectively for simulation of Fig. 4 . But the overshoot is occurred for the step change of speed with any value of h. It is desirable to eliminate the overshoot and steady state error. on-line according to fuzzy-logic theory.
To design the proposed FLC, the first assumption is that the difference of the actual speed from the desired or reference value, e&) and the difference of speed error, Aee,Xk) are the only available controller inputs and that the controller has one output parameter, h. To adopt the parameter h, the design of FLC is explained in the following:
Fuzzificah'on:
Error o f speed and its change are chosen as the inputs and the parameter h is chosen as the output of the proposed FLC. At first, the inputs are normalized by scaling factor K, and K,. The factors KO and K, as we1 as Kj The grade of input membership functions can be obtained as follows.
where p (x) is the value of grade of membership, w is the width and M is the coordinate of the point at which the grade of membership is 1, x is the value of the inputs. TF edk) is N> and <Ae&) is N> THEN 4 is S> IF < euXk) is P> and <Ae&) is Z> THEN <h is B> The entire a l e base is given in Table 2 . There are total 9 rules to achieve desired speed trajectory.
Inference and Defuzzification:
In this work, Mamdani type fuzzy inference [5] is used. The center of gravity method [5] is used for defuzzification to obtain h parameter. The normalized output function is given as (34) where N is total number rules, pi is the membership grade for ith rule and Ci is the coordinate corresponding to the maximum value of the respective consequent membership function [Cie (0.0, 0.911. After finding out the parameter h, the proportional constant Kp and integral constant Ki are updated according to (32). Fig. 6 shows the proposed control structure to obtain the desired magnetizing q-axis current. 
SimuIation Results
To verify the performance o f proposed fuzzy-logic-based self-tuning PI controller for speed control of IM drive, computer simulations were performed using FORTRAN Ianguage. To solve the differential state equation of IM drives fourth-order Runge-Kutfia method was used. The ratings and parameters of I M drive used are given in Table 1 , The sampling period and maximum PI controller gains were selected as T,=100 psec, Kp,=0. 045 and Ki, , , =1.12 . The scaling factors for speed error and change of speed error were chosen as K, = rated speed and K,= 2.1. These scaling factors and Table 2 are selected by trial and error to achieve better response compared to the conventional PI controller.
Figs. 7, 8, 9 and 10 show the transient responses for IF0 of IM drive using the proposed fuzzy-logic-based self-tuning PI controller. The responses are observed under different operating conditions such as a sudden change in reference speed from 0 r h i n to 970 (rated) dmin at 0.0 sec with 50% load torque and step change in load torque from 50% to 100% at 1.0 sec. It is evident from Fig. 7 that the actual speed using proposed controller can follow the reference speed without any overshoot and steady state enor. If the speed responses of Fig. 7 are compared with those of Figs. 3 and 4 , it can be stated that the proposed fuzzy-logic-based self-tuning PI controller is better than the conventional PI controller. Fig. 10 shows that the devehped torque can follow the load torque. The compensations for disturbance are achieved by developed electromagnetic torque automatically. Figs. 8 and  9 show the response of rotor fluxes. It is seen from Fig. 8 Pig. 10. Transient response of rotor q-axis flux for step change of speed and load torque using the proposed controller.
tracks the reference speed but also fulfills the constraints of field-oriented control.
Conclusion
In this paper, a new fuzzy-logic-based self-tuning PI controller design method was proposed to increase the robustness of the conventional PI controller. In this new approach, the proportional and integral constants of PI controller are supplied by adopting fuzzy-logic theory from the error of speed and change of speed. Consequently, the proposed control system is robust under the variation of load torque and parameters. From the simulation results, the fuzzy-logic-based self-tuning PI control technique was demonstrated to be superior to the conventional PI control.
